; SOD1 G93A doubly transgenic mice had no effect on motor neuron degeneration. This suggests that proliferating microglia-expressing mutant SOD1 are not central contributors of the neurodegenerative process in ALS caused by mutant SOD1.
Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive, adult-onset neurodegenerative disorder that affects motor neurons in the brain and spinal cord. Degeneration of these neurons leads to atrophy of skeletal muscle and, ultimately, to paralysis and death within 1-5 years. ALS occurs in both sporadic and familial forms, which are clinically and pathologically similar. Missense mutations in the gene encoding the free radical-scavenging metalloenzyme, copper, zinc superoxide dismutase (SOD1) are responsible for 20% of familial ALS cases (Rosen et al., 1993) . To date, Ͼ140 mutations have been found in the SOD1 gene, and transgenic mice overexpressing various SOD1 mutants develop an ALS-like phenotype through a gain of unknown toxic properties (Gurney et al., 1994) . Several mechanisms have been proposed to explain motor neuron death in ALS, including glutamate-induced excitotoxicity (Van Den Bosch et al., 2006) , cytoskeletal abnormalities (Julien et al., 2005) , protein aggregation (Julien, 2001) , oxidative stress (Cleveland and Rothstein, 2001) , angiogenic factors (Lambrechts et al., 2007) and, more recently, toxicity via extracellular SOD1 (Urushitani et al., 2006) . Although ALS is characterized by the degeneration of motor neurons, the role of nonneuronal cells in disease pathology is now formally recognized (Pramatarova et al., 2001; Clement et al., 2003) . Indeed, wild-type nonneuronal cells can extend the survival of mutant SOD1 transgenic mice (Clement et al., 2003) . Also, the expression of mutant SOD1 in microglia and astrocytes contributes to the progression motor neuron degeneration (Beers et al., 2006; Boillée et al., 2006; Van Damme et al., 2007; Yamanaka et al., 2008) . However, despite the findings of the toxicity of SOD1 mutants through action in glial cells, the exact role of glia, themselves, and how they influence the neurodegenerative process remains to be further defined.
Microglia are the resident myeloid cells of the CNS and account for 5-12% of the total glial population (Ling et al., 1973) . One of the hallmarks of virtually all neurodegenerative condi-tions, including ALS, is the notable microgliosis. Here, we have characterized the CD11b ϩ myeloid component in the SOD1 G93A and SOD1 WT transgenic mouse spinal cord. We found that the CD11b ϩ population constitutes three different microglial cell groups. Aside from mature microglia, which adopt phenotypical features of dendritic cells during disease progression, and macrophages, we found the presence of Gr1 ϩ myeloid precursor cells. Interestingly, the significant increase in CD11b ϩ cells in the spinal cord of SOD1 G93A mice at late phase of disease is mostly attributable to an increase in the proliferation of these myeloid precursor cells. Moreover, to study the role of microglia in mice expressing mutant SOD1, we have used a novel approach based on the reduction of microglia numbers.
To decrease microglial cell numbers, we generated CD11b-TK mut-30 ; SOD1 G93A doubly transgenic mice that allow the elimination of proliferating microglia on administration of the nucleoside analog ganciclovir. The CD11b-TK mut-30 model has previously been used to determine the role of proliferating microglia in several mouse models of CNS disease, including cerebral ischemia, gliomas, Alzheimer's disease, CNS viral infection, and axonal regeneration (Carmen et al., 2006; Simard et al., 2006; Galarneau et al., 2007; Lalancette-Hébert et al., 2007; Barette et al., 2008) . In all of these paradigms, the selective ablation of proliferating microglia was deleterious. Surprisingly, here we report that a 50% reduction in activated microglia specifically in the lumbar spinal cord of CD11b-TK mut-30 ; SOD1 G93A transgenic mice had no effect on motor neuron degeneration. Our interpretation of these results is that elimination of mutant SOD1-expressing microglial cells, which are functionally abnormal, did not alter the overall balance of neuroprotective and neurotoxic factors in the system.
Materials and Methods

Animals. SOD1
G93A [B6SJL-TgN(SOD1-G93A)1Gur/J;stock number 002726] and SOD1
WT overexpressors [B6SJL-Tg(SOD1)2Gur/J;stock number 002297] were acquired from The Jackson Laboratory. CD11b-TK mt-30 mice were generated and genotyped in the laboratory of Dr. Jean-Pierre Julien as described previously (Gowing et al., 2006a) . CD11b-TK mt-30 transgenic mice expressing human mutant SOD1 G93A were obtained by breeding heterozygous (Tg/ϩ) CD11b-TK mt-30 mice with heterozygous (Tg/ϩ) SOD1
G93A . Hence, all analyses were performed with littermate controls. SOD1
G93A were genotyped in accordance with Jackson Laboratory protocols. The use and maintenance of the mice described in this article were performed in accordance to the Guide of Care and Use of Experimental Animals of the Canadian Council on Animal Care or the ethical committee of the Katholieke Universiteit Leuven, Leuven, Belgium.
Surgical procedures. For intraspinal delivery of ganciclovir (10 mg/ml, Cytovene; Roche) or saline, mice at 85 d of age were anesthetized with isoflurane. Skin and muscle was then cut to expose the lumbar vertebra. A laminectomy was then performed to expose the lumbar spinal cord at the level of L4 -L5 segment. A steel canula (0.8 mm in length, 28 ga) connected to an Alzet osmotic minipump (model 2004; Durect) was then cemented to the dorsal vertebra surrounding the laminectomy. Mice were injected intraperitoneally with ganciclovir at a dose of 100 mg/kg/d on the day of surgery as well as 1 d before and after the surgical procedure. At 115 d of age, after 30 d of intraspinal infusion with ganciclovir, mice were killed for analysis.
Analysis of disease progression. Measurements of body weight and hindlimb reflex was used to score the clinical effects because the rotarod test presented a risk of fall-down resulting in pump damage in the case of CD11b-TK mt-30 transgenic mice. The extensibility and postural reflex of the hindlimbs when mice were pulled up with their tails were scored as described previously (Urushitani et al., 2006) . Scoring was performed in a blind manner by animal technicians who had no information about the treatment but have experience in grading SOD1 mice paralysis.
Flow cytometric phenotypical studies. Transgenic mice were anesthetized using Nembutal (10 mg/kg) and transcardially perfused with icecold PBS to remove all blood from the nervous tissue. Spinal cords were surgically removed. Tissue was then mechanically dissociated and filtered through a 70 m cell strainer to obtain a single cell suspension (BD Biosciences). To isolate mononuclear cell fraction, the single cell suspensions were loaded on a 40 -80% Percoll gradient (GE Healthcare) and centrifuged for 20 min at 1500 rpm. After centrifugation, the mononuclear cells from the interface were recovered and were stained with fluorescein isothiocyanate, phycoerythrin (PE), peridinin chlorophyll protein, PE-cyanine 5, PE-Cy7, or allophycocyanin-conjugated antibodies against CD45, CD11b, CD11c, Gr1, CD40, CD86, bromodeoxyuridine (BrdU) (antibodies were purchased from BD Biosciences), and F4/80 (eBiosciences). Samples were then analyzed on a flow cytometer FACStar Plus or fluorescence-activated cell sorting (FACS) Canto Cytometer (BD Biosciences). Cells were gated using Annexin-5 (BD Biosciences) and 7-AAD (BD Biosciences) to eliminate apoptotic/necrotic cells and select for viable cells. To validate the flow cytometric identification of the macrophage population in the mononuclear fraction as CD11b ϩ , F4/80 ϩ cells, we performed a peritoneal lavage of the SOD1 G93A mice and obtained peritoneal lavage fluid known to be enriched in macrophages (Takeyama et al., 1999) , which was then used as a positive control. For proliferation analysis with FACS, SOD1
G93A and SOD1 WT mice were intraperitoneally injected with BrdU (10 mg/kg) for 5 consecutive days and killed 2 d after the last injection. Mononuclear cells were isolated as described above and stained for the markers CD11b, CD45, and BrdU according to BrdU flow kit protocol (BD Biosciences). Non-BrdUtreated animals were used as negative controls.
Fluorescence activated cell sorting. Twenty SOD1 WT mice were intracardially perfused and spinal cords isolated. Mononuclear cells were collected and loaded on a flow cytometer, FACSAria (BD Biosciences), as described above. Viable cells were analyzed for expression of the markers CD45 and CD11b. The CD11b ϩ CD45 int population was gated, sorted, and collected. The sorted cells were loaded on coated slides by cytospin (800 rpm, 10 min) then dried overnight and stained using the MayGrünwald-Giemsa staining protocol. Pictures were taken with a bright light microscope (Leica DM LB2 microscope; Leica Microsystems) on a 10 ϫ 50 magnification.
Tissue collection for immunohistochemical analyses. Mice were anesthetized and transcardially perfused with NaCl 0.9% and fixed with 4% paraformaldehyde. Dissected spinal cord and muscle tissue were postfixed for 24 h in 4% paraformaldehyde and equilibrated in a solution of PBS-sucrose (20%) for 48 h. Spinal cord tissue were then cut in 20 m horizontal or transverse sections with a Leica frozen microtome and kept in a cryoprotective solution at Ϫ20°C. Gastrocnemius muscle was cut in 40 m cryostat sections. Dissected dorsal root ganglia (DRG) was then postfixed in a solution of 3% glutaraldehyde for a period of 48 h, washed in PBS, treated with 1% osmium tetroxide for 2 h, and dehydrated through graded alcohol solutions. Before Epon plastic embedding, DRG were further dissected to ensure that all ventral root axons would be sampled at a distance of 3 mm from the DRG cell body. Semithin crosssections (1 m) were stained with toluidine blue, rinsed, and coverslipped.
Immunohistochemistry. Spinal cord sections were stained with the following antibodies: anti-CD11b (Serotec), anti-NG2 (Millipore), anti-GFAP (Dako or Millipore), anti-Iba1 (Wako), anti-BrdU (Immunosource), and anti-CD3 (BD Pharmingen) Measurement of the distance from between L3-L4 and L4 -L5 were measured on many mice both male and female. An average distance for each segment was determined and was applied during stereological analyses. The density of labeled cells was estimated by the optical fractionator method using Stereo Investigator software (MBF Bioscience). For Iba1-, Mac-2-, GFAP-, CD3-, or NG2-positive cells to be counted, a distinct cell body had to be within the optical dissector height. The counting parameters were the distance between counting frames (600 m), the counting frame size (150 ϫ 150 m), the dissector height (8 m), and the guard zone thickness (1 m). Motor neurons were identified on the basis of their correct anatomical location (ventral horn/laminas 9), required a distinct nucleolus within the plane of the optical dissector, and had a cross-sectional area Ն250 m 2 . Counting parameters were identical to Iba1 cells counts except for the distance between counting frames (300 m). Bilateral L5 ventral root axons were counted at a magnification of 60ϫ using Stereo Investigator software; interior of axons were marked in each frame until the entire ventral root section had been sampled. Counts represent the mean axonal count for the left and right ventral roots. Bilateral gastrocnemius muscles were sampled and stained by immunofluorescence with rhodamine bungarotoxin (Invitrogen) anti-neurofilament M (MAB5254; Millipore) and SV2 (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) antibodies. End plates were scored as "innervated" if there was complete overlap with axon terminal or as "denervated" if the end plate was not associated with an axon. Partial overlap or association with preterminal axon only was scored as intermediate innervation. Every fourth section was systematically sampled to evaluate all neuromuscular junctions present. Statistical analyses were performed using StatsDirect statistical software (StatsDirect) or GraphPad Prism software. Data are presented as mean Ϯ SEM.
Results
Characterization of the CD11b
؉ cell population in SOD1
G93A
spinal cord with disease progression The "microglial reaction," referring to the activation of CD11b myeloid cells within the CNS, is a well known process occurring in several neurodegenerative diseases, such as ALS. To get a better understanding of the activation pattern of myeloid cells in ALS, CD11b immunoreactivity was quantified in the SOD1 G93A and SOD1
WT transgenic mice at several stages of the disease. In the SOD1 G93A mouse, CD11b ϩ cells were counted at the age of 60 and 80 d, when mice are clinically asymptomatic, at 100 d, when motor neurons degenerate with a clear loss of motor performance, and at 120 d, when mice develop severe hind limb paralysis attributable to complete loss of motor function. The SOD1 WT mouse, aged 130 d, which does not develop overt motor neuron degeneration, was used as a control. At the age of 60 and 80 d, no difference could be found in the number of CD11b ϩ cells in the spinal cord of SOD1 G93A compared with SOD1 WT control mice ( Fig. 1 A) . However, at later stages of the disease, a significant increase in the number of CD11b ϩ cells was observed in SOD1
G93A when compared with control mice. Indeed, a 1.7-fold increase in the number of CD11b ϩ microglia occurred between the asymptomatic (60 d) and the late symptomatic phase (120 d) of the disease. Interestingly, the most notable increase in CD11b ϩ cells occurred between 60 and 100 d of age with no significant increase occurring in the SOD1 G93A between 100 and 120 d of age (Fig. 1 A) . Furthermore, a notable change in the morphology of the CD11b ϩ cells could be observed (data not shown). At the age of 60 d, almost all CD11b ϩ cells had a small cell body from which highly ramified processes were extending, reflecting the nonactivated state of these cells (Cuadros and Navascues, 1998) . However, at the age of 120 d, almost all CD11b ϩ cells had upregulated their CD11b expression and had fewer, thicker processes, reflecting their "activated" state (Cuadros and Navascues, 1998; Streit et al., 1999) . These results are in line with a previous study by Alexianu et al. (2001) where microglial activation in SOD1 transgenic mice had been qualitatively assessed.
Because a myeloid CD11b ϩ cell population can encompass different cell types, the mononuclear cell population was isolated from total spinal cord, and single cell suspensions of both SOD1 G93A and SOD1 WT mice at different stages of the disease were analyzed by flow cytometry. Within the CD11b ϩ cell group, at all time points three distinct populations could be identified. These subpopulations of CD11b ϩ cells differed in expression level of the pan-leukocyte marker CD45. The first group of cells were CD11b ϩ , CD45 low , corresponding to mature microglial cells (Sedgwick et al., 1991; Carson et al., 1998) (Fig. 1 B3, blue and R2). These cells neither express the macrophage marker F4/ 80, nor the granulocyte marker Gr1 (Fig. 1C1) . The second group identified was CD11b ϩ and intermediate for CD45 (CD45 int ) ( Fig. 1 B3, purple and R3 ). These were large cells with a high degree of granularity on forward scatter/side scatter (data not shown) and were identified as myeloid precursor cells: they expressed high levels of Gr1, were negative for F4/80 (Fig. 1C3) , and after FACSorting they showed the characteristic doughnut-like nucleus, typical for myeloid precursor cells (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). These cells have previously been described in mouse models of myeloid precursor expansion (Almand et al., 2001; Billiau et al., 2003) . The third and smallest group were CD11b ϩ , CD45 high , identified as CNS macrophages (Fig. 1 B3 , orange and R4) as reported previously (Cruse et al., 2004; Stirling and Yong, 2008) . Only very few of these cells could be found in the spinal cord of SOD1 G93A transgenic mice (Fig. 1 D) . The flow cytometric identification of this population in the SOD1 G93A spinal cord ( Fig. 1 B3) was validated using peritoneal lavage fluid, known to be enriched in macrophages (Takeyama et al., 1999) , from SOD1 G93A mice (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Macrophages were clearly F4/80 positive and Gr1 negative, as described previously (Austyn and Gordon, 1981; Stirling and Yong, 2008) .
To establish to what extent these three separate CD11b ϩ populations contribute to CD11b ϩ immunoreactivity in the spinal cord of SOD1 G93A mice, the relative contribution of the different cell types in the CD11b ϩ population at different ages was quantified by flow cytometry (Fig. 1 D) . Interestingly, the different populations of CD11b ϩ cells in the spinal cord of SOD1 G93A mice changed significantly during disease progression. At the age of 60 d, the CD11b ϩ population consists of mostly mature microglial cells which are twice as numerous as the myeloid precursor cells. At the age of 120 d, the proportion of myeloid precursor cells in SOD1 G93A had significantly increased, compared with both earlier time points (60 and 80 d), and was significantly higher than in control SOD1
WT mice. Furthermore, at 120 d of age, there was a 1.8-fold higher number of myeloid precursor cells compared with mature microglia present in the CD11b ϩ cell population in SOD1 G93A mice. In the SOD1 WT mouse, no significant changes in myeloid precursor cell contributions were detected over time (data not shown). This data therefore suggest that in an early phase of the disease, the CD11b ϩ population consists mostly of mature microglial cells, whereas with disease progression the myeloid precursor cell population expands significantly. Furthermore, macrophages did not significantly contribute to the myeloid population: only few of these cells were detected within the CD11b ϩ immunoreactive population compared with the amount of mature microglia and myeloid precursor cells (Fig. 1 B3, R4) . Thus, within the myeloid population of the spinal cord, there is, in addition to mature microglia and macrophages, the presence of myeloid precursor cells, which contribute to a large extent to the CD11b ϩ cell population in the course of ALS.
Mature microglia acquire a dendritic cell phenotype
To gain further insight into the functional properties of microglia during disease progression, the phenotype of the mature and myeloid precursor populations was characterized by flow cytometry. Because the activation of microglia leads to the acquirement of antigen presenting and/or phagocytic properties, the expression of surface molecules characteristic for antigen presenting cells was analyzed in the SOD1 G93A and SOD1 WT transgenic mice at different time points. The following markers were used: CD11c, a dendritic cell marker, CD40 and CD86, two costimulatory molecules for signaling during antigen presentation, and F4/80, a macrophage marker (Fig. 2) .
For the SOD1 G93A mature microglial (CD11b ϩ , CD45 low ) cell population, there was a statistically significant increase in CD11c expression at the age of 120 d compared with the age of 60 and 80 d (Fig. 2 D) . Within the CD11c-positive cell population at 120 d in the SOD1 G93A , 59% also stained positive for CD86 (Fig.  2 B5) . Indeed, the percentage of mature microglia positive for CD86 was almost threefold higher at the age of 120 d compared with the age of 60 d (Fig. 2 E) . The expression of both CD11c and CD86 tended to increase starting at the age of 80 d, before apparent motor neuron degeneration. Changes in CD11c (Fig. 2C3) microglia of the SOD1 WT spinal cord at the different ages examined. A significant difference in the expression of CD11c (Fig.  2 B1,C1 ) or CD86 (data not shown) was not found among the myeloid precursor cell population (CD11b ϩ , CD45 int ) between SOD1 G93A and SOD1 WT . At all time points, F4/80 or CD40 immunoreactivity was absent in both the myeloid precursor cell and mature microglia population (data not shown). This data indicate that in the SOD1 G93A mouse mature microglial cells acquire the phenotype of dendritic cells, whereas evolution toward mature macrophages is not seen.
Characterization of cell proliferation in the spinal cord of SOD1
G93A transgenic mice As CD11b ϩ cells increase in number with disease progression, the origin of these cells was analyzed in detail. Proliferation was analyzed in the gray matter of SOD1 G93A and SOD1 WT spinal cords at different stages of disease (Fig. 3) . BrdU labeling was used as a proliferation marker. At the age of 80 d, when mice were presymptomatic, a 2.8-fold increase in BrdU-positive nuclei were found in SOD1 G93A mice compared with SOD1 WT control (Fig. 3B ). This further increased to a 4.8-fold and an 11.2-fold at the ages of 100 and 120 d, respectively. Hence, a steady increase in cell proliferation takes place during disease progression with a peak occurring between 100 and 120 d of age.
To investigate which cell types contributed to this proliferation, double immunofluorescence for the markers GFAP, NG2, and CD11b with BrdU were performed and quantified (Fig. 3) . These markers stain astrocytes, glial precursors, and microglia, respectively. At the age of 80 d, a twofold increase in the number of BrdU-NG2 ϩ doubly labeled cells was observed in SOD1
G93A compared with control SOD1
WT mice (Fig. 3C) . This rose to a 3-fold and a 7.3-fold increase at the ages of 100 and 120 d, respectively, compared with control mice (Fig. 3C ). For doublelabeled CD11b-BrdU ϩ cells, a fivefold increase in proliferation of microglia could already be observed at 80 d of age in SOD1 G93A compared with SOD1 WT controls, but this was not statistically significant (Fig. 3D) . The number of CD11b ϩ -BrdU ϩ cells was further increased by 15-and 29-fold at 100 and 120 d of age, respectively (Fig. 3D) . GFAP-labeled cells were not found to proliferate to a significant extent (data not shown) (Fig. 3A) . As almost all BrdU ϩ cells are NG2 ϩ or CD11b ϩ , this suggests that proliferation in the SOD1 G93A spinal cord gray matter is responsible for the expansion of both the NG2 and the CD11b population, whereas astrocytes do not proliferate. SOD1
G93A and SOD1
WT animals treated with BrdU were analyzed using FACS for BrdU incorporation as a measure of proliferation. Both mature microglia and myeloid precursor cells contributed to the CD11b proliferation as both cell types had incorporated BrdU. There was no significant difference in percentage proliferating myeloid precursor cells (SOD1 WT Tg/ϩ) animals compared with control WT; SOD1 G93A (ϩ/ϩ; Tg/ϩ) littermates. As reported previously, chronic and systemic injection of the nucleoside analog ganciclovir is lethal for CD11b-TK mut-30 transgenic mice, and ganciclovir is not highly diffusible within CNS tissue (Gowing et al., 2006a) (G. Gowing and J.-P. Julien, unpublished data). To overcome this constraint, we proceeded with direct delivery of ganciclovir to the spinal cord via an osmotic pump connected to a canula located, in the intrathecal space, at the level of L4 -L5 segments from day 85 to day 115 (Fig. 4 A, B) . Delivery of ganciclovir during this symptomatic stage of the disease resulted in a 34% decrease of the Iba1 ϩ microglial cell population in the lumbar spinal cord of TK mt-30 ; SOD1 G93A transgenic mice compared with WT; SOD1 G93A littermates (TK mt-30 ; SOD1 G93A , 29,790 Ϯ 2017 cells/mm 3 ; WT; SOD1 G93A , 33,640 Ϯ 2140 cells/mm 3 ; p Ͻ 0.001). Elimination of microglia was more pronounced in the L5 segment of the spinal cord with a 40% decrease in Iba1 ϩ cells (Fig. 4C) . Mac-2, a marker of activated microglia, has been reported to be preferentially expressed by proliferating and neurotrophic microglia in a mouse model of cerebral ischemia (Lalancette-Hébert et al., 2007) . We therefore wanted to investigate whether the number of Mac-2 ϩ microglia were significantly altered in our model. Interestingly, a 51% decrease in Mac-2-positive cells was found in the lumbar spinal cord of TK mt-30 ; SOD1 G93A compared with WT; SOD1 G93A (TK mt-30 ; SOD1 G93A , 6572 Ϯ 1410 cells/mm 3 ; WT; SOD1 G93A , 12 850 Ϯ 1288 cells/mm 3 ; p Ͻ 0.05). A higher degree of ablation of Mac-2-positive cells was also obtained in L4 and L5 segments of the spinal cord compared with distal L3 segment (Fig. 4 D) .
Effect of microglial cell ablation on motor neuron degeneration
To determine whether microglial cell ablation in lumbar spinal cord influenced neurodegeneration in SOD1 G93A transgenic mice, motor neurons in the vicinity of ganciclovir delivering canula (L3-L5) were quantified. No significant difference in the counts of Nissl-stained motor neuron cell bodies was observed in any region between TK mut-30 ; SOD1 G93A doubly transgenic and WT; SOD1 G93A control mice treated with ganciclovir (TK mut-30 ; SOD1 G93A , 1588 Ϯ 129.3 cells/mm 3 ; WT; SOD1 G93A , 1483 Ϯ 94.76 cells/mm 3 ; p Ͼ 0.05). Because degeneration begins at the distal axon in ALS and follows a "dying back" pattern (Fischer et al., 2004) , we also proceeded to count the L5 ventral root axons and assessed the innervation at the neuromuscular junction of the gastrocnemius muscle. No significant difference was observed in the number of ventral root axons G93A mice treated with ganciclovir. Hence, elimination of one-third of the proliferating microglial cell population did not influence motor neuron degeneration. Furthermore, reflex scores and body weight analyses were not significantly different between WT; SOD1 G93A and TK mut-30 ; SOD1 G93A transgenic mice treated with ganciclovir (data not shown).
Influence of decreased microglial cell numbers on astrocytes, glial progenitors, and T cells Activated microglia can secrete numerous factors such as inflammatory cytokines, nitric oxide, and excitotoxins that can induce astrocytosis, influence fate of glial progenitors, and T cell infiltration into the CNS (Giulian et al., 1994a,b; Ridet et al., 1997; Holmøy, 2008 (Fig. 5) . 
Discussion
Microgliosis can be observed in virtually all CNS pathologies including ALS. However, the role of the microglial response in many disorders of the CNS remains ambiguous as these cells can display both neuroprotective and neurotoxic potential (WyssCoray and Mucke, 2002) . CD11b-TK mut-30 transgenic mouse model has been used with success to selectively deplete proliferating microglia/macrophages in several paradigms of CNS disorders including cerebral ischemia, gliomas, Alzheimer's disease, CNS viral infection, and axonal regeneration (Carmen et al., 2006; Simard et al., 2006; Galarneau et al., 2007; LalancetteHébert et al., 2007; Barette et al., 2008) . In all these models, ablation of proliferating microglia was deleterious indicating that microglia are essentially neuroprotective. Here, by using this novel approach, we directly addressed the role of proliferating microglial cells and their influence on motor neuron degeneration in an ALS mouse model. Surprisingly, we found that eliminating 34% of Iba1 ϩ microglia (51% of Mac-2 ϩ microglia) by ganciclovir infusion, in the lumbar spinal cord of CD11b-TK mut-30 ; SOD1
G93A transgenic mice for a period of 30 d after disease onset, had no effect on the progression of motor neuron degeneration. This was an unexpected result as it has been recently proposed that microglia contribute to disease progression in ALS (Boillée et al., 2006) . Accordingly, elimination of proliferating microglia, in our model, should have increased motor neuron survival. Conversely, if microglia in mutant SOD1 mice models of ALS were neuroprotective, as recently proposed by Kang et al. (2007) , elimination of proliferating microglia should have increased neurodegeneration. However, we observed neither exacerbation of motor neuron degeneration nor neuroprotection after a substantial reduction in the number of activated microglia in the lumbar spinal cord of SOD1 G93A transgenic mice. Thus, our results suggest that the population of proliferating microglia in SOD1 G93A mice are not key contributors of motor neuron degeneration. Nonetheless, it remains possible that eliminating a larger number of SOD1-positive microglia in our model may have influenced the motor neuron degeneration.
A recent study by Boillée et al. (2006) suggested a detrimental role for microglia in ALS. However, this study did not directly address the role of microglia themselves in the context of disease process but rather revealed the existence of a toxic action of mutant SOD1 in microglia. Moreover, it is likely that by lowering mutant SOD1 expression within microglia, Boillée et al. (2006) rendered these cells neuroprotective as they become phenotypically similar to wild-type microglia. This is supported by a study in which wild-type microglia were found to extend the survival of PU.1 knock-out mice with familial ALS (Beers et al., 2006) . Of particular interest to our study, the investigation of the properties of microglia carrying the SOD1 G93A mutant gene have found these cells to have reduced neurotrophic and greater neurotoxic potential compared with wild-type microglia (Xiao et al., 2007) . Therefore, it would seem that microglia are fundamentally neuroprotective cells but that expression of mutant SOD1 renders them neurotoxic. Because SOD1 G93A -expressing microglial cells are less likely to be neuroprotective compared with wild-type microglia, this could explain why partial elimination of these cells did not exacerbate disease.
Although ablation of proliferating microglia did not alter neurodegenerative processes, the reduction in microglial cells numbers significantly decreased the number of GFAP ϩ astrocytes in the spinal cord of doubly transgenic mice treated with ganciclovir compared with controls. It has been recently proposed that mutant SOD1 expressing astrocytes can induce and amplify the inflammatory response in microglia leading to damage and accelerated disease progression (Yamanaka et al., 2008) . Indeed, in the study by Yamanaka et al. (2008) , reduced expression of mutant SOD1 in astrocytes significantly decreased the number of Mac-2 ϩ microglia in the spinal cord of SOD1 G37R transgenic mice and extended the survival of SOD1 G37R transgenic mice. Yet, it is also likely that microglia, as pathological sensors of the CNS, may respond to an initial signal or signals from degenerating/distressed motor neurons or from other cells including astro- cytes. Activation of microglia and secretion of various cytokines such as TNF-␣ and INF-␥ could then promote NG2 ϩ glial progenitors differentiation into reactive astrocytes (Magnus et al., 2008) . Supporting this view, here, a 51% decrease in activated Mac-2 positive microglia caused a substantial reduction in the number of reactive astrocytes in the spinal cord of TK mut-30 ; SOD1 G93A compared with WT; SOD1 G93A controls. However, in contrast to the study by Yamanaka et al. (2008) , this reduction in reactive astrocytes and microglia was not sufficient to affect the motor neuron degeneration in SOD1 transgenic mice.
Activated microglia can present diverse phenotypes indicative of their functional diversity (Hanisch and Kettenmann, 2007) . Microglia in the healthy or inflamed CNS can be divided into three distinct populations as assessed by the differential expression of the pan-leukocyte marker CD45 (Sedgwick et al., 1991; Cruse et al., 2004) . In our study, we found that at late symptomatic stage of the disease there was a significant increase in the contribution of immature myeloid precursor cells to the microglial cell population in SOD1 G93A mice. Both morphologically and phenotypically, the myeloid precursor cells displayed an immature undifferentiated phenotype without clear expression of mature cell markers (F4/80 Ϫ , CD11c Ϫ , CD40 Ϫ , and CD86 Ϫ ). The relevance of this myeloid precursor cell expansion is unsure, but as these cells are abundantly present and therefore most vulnerable to ganciclovir treatment, we suggest these cells do not contribute to disease progression, as inhibiting their proliferation had no effect on neurodegeneration. Moreover, among the population of mature microglia, an increase in the expression of the dendritic cell marker CD11c and the dendritic cell maturation marker CD86 occurs with disease progression. This is in line with previously published reports where an increase in transcripts encoding dendritic cell markers was observed in ALS patients and in late symptomatic or end-stage mice (Henkel et al., 2004 (Henkel et al., , 2005 . The acquirement of a dendritic cell phenotype may indicate a role for adaptive immunity in ALS, as these cells are antigen presenting cells required for efficacious activation of naive and memory B and T cell (Banchereau and Steinman, 1998) . Interestingly, the presence of microglia-expressing molecules associated with antigen presentation have been associated with neuroprotective effects in various models of CNS injury (Byram et al., 2004; Shaked et al., 2004; Ziv et al., 2007) . However, the importance of this microglial cell phenotype in ALS remains to be investigated. Here, we also found that macrophages did not contribute significantly to the myeloid cell population in SOD1 G93A transgenic mice spinal cord. The expansion in CD11b ϩ cells is most likely attributable to proliferation of resident myeloid cells rather than infiltration of the CNS by bone marrow derived cells as suggested by chimeric mouse studies obtained by parabiosis (Ajami et al., 2007) . Nevertheless, this expansion in microglial cells does not seem to contribute directly to motor neuron degeneration, as inhibiting this process with administration of ganciclovir in the spinal cord of TK mut-30 ; SOD1 G93A did not influence degeneration of motor neurons.
The interest into the role of microglia in CNS pathology is an old and still active matter of debate. In cases of injury to the CNS, evidence indicates that activation of microglia can have beneficial or detrimental effects Block and Hong, 2005; Hanisch and Kettenmann, 2007) . To date, most studies have investigated the role of microglia in ALS via pharmacological inhibition of microglial activation (Sargsyan et al., 2005; Dewil et al., 2007) . It has also been shown that stimulation of innate immunity can exacerbate motor neuron degeneration and reduces lifespan in the SOD1 G37R mouse model (Nguyen et al., 2004) . Some compounds that attenuate neuroinflammation were found to be neuroprotective in ALS mouse models (Kriz et al., 2002; Van Den Bosch et al., 2002; Zhu et al., 2002; West et al., 2004; Kiaei et al., 2006) . However, it must be taken into consideration that many compounds have numerous actions and do not selectively and exclusively target inflammatory processes (WyssCoray and Mucke, 2002) . Furthermore, to our knowledge, no anti-inflammatory drug has yet proven to be efficacious in ALS clinical trials. The specific targeting of individual and particularly potent proinflammatory targets such as TNF-␣ and IL-1␤ by gene knock-out strategies has proven inefficacious in halting disease progression in ALS mice (Nguyen et al., 2001; Gowing et al., 2006b) . These and other studies therefore suggest that no single endogenous cytokine can be held responsible for the exacerbation of motor neuron degeneration in ALS but that it is rather the combination of these factors enhanced by the lack of neurotrophic support that can exacerbate motor neuron disease (Kim et al., 2006 ). An important pathological hallmark of ALS is the marked expansion of the microglial cell population. To date, the functional role of microgliosis in mutant SOD1-mediated motor neuron degeneration has been a subject of debate. Recent publications have promoted microglia as active contributors in motor neuron degeneration, whereas others maintain an essentially protective role for these cells in ALS (Boillée et al., 2006; Kang and Rivest, 2007) . However, the results presented here suggest that proliferating microglia-expressing mutant SOD1 are not key contributors of the neurodegenerative process in ALS caused by SOD1 mutations and therefore might not constitute an appropriate therapeutic target.
